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INTRODUCTION 
fhe problem of the deteimlnation of the eleotrioal 
pi^ perties of single crystals of soditm wlfram bronze was 
chosen as a research project because there existed some 
disagreement in the literature concerning their conduction 
properties! because there has appeared little mention of 
any additional eleotrioal properties such as the Hall 
effect; and because interest in the peculiar chemical and 
physical properties of the crystals stimulated further 
investigation. 
Siiigle cr;^ tal3 were prepared and their individual 
conductivities were measured as functions of temperatvire 
from -180° to 40°0, The Hall coefficient in sodium wol­
fram bronz® was determined by use of an alternating-
current method. Primarily, these measurements were con­
ducted at room temperature only, but for one crystal the 
Hall effect measurements were made at temperatures ranging 
from -80°0 to 30°0. 
Other electronic properties of the crystals were 
determined from equations based on the free-electron theory 
of metals, ihere the conductivity and the Hall coefficient 
appeared in these equations, the experimental values were 
substituted to obtain numerical results. 
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FEOPjSRTIlS OF SODIUM WOLFRM BRONZl 
OheEoloal Properties 
gomuila and Aotivity 
SoditjBi wolfram bronze is not a bronze in the 
ordinary sense for it contains no copper. The name 
bronze has been applied to the series of oompounds be­
cause of their appearance. Sodium wolfram bronze is one 
of the interesting series of substances which can be 
represented by the general chemical formula R„WO_ in which 
X. 3 
H is any alkali metal, and x, representing the amount of 
E present, assumes values between ssero and one. Thus, 
the bronzes are not stoichiometric compounds and their 
properties depend on the value of x. The fomula for 
sodium wolfram bronze is usually written as 
Three samples of crystals of soditxm wolfram bronze 
prepared according to the procedure described in Chapter IV 
were chemically analyzed. The percentage of sodium by 
weight was determined to be 6.IS "t 0,14 from which z is 
calculated to be 0,680 ± 0.016. lii an attempt to grow 
crystals with lower sodium content no usable single crys­
tals were obtained, but a dark blue microscopic crystalline 
powder resulted. 
3 
Tke bronzes are ch^ ioally inert, Ooiamon acids do 
not attack them to any appreciable extent at temperattires 
as high as 150° 0. The crystals were cleaned in 48^  
hydrofluoric acid prior to measurements with no damaging 
effect on the surfaces. Little or no effect is noted on 
the crystals if they are heated in air to sereral hundred 
degrees. 
Structure 
The basic structure of sodixim wlfram bronze has 
been shown by Hagg (1) to be the perovskite (cubic) struc­
ture. HaWO_ has the same structure as ferroelectric 
o 
barium titanate (BafiO^ ). Matthias (2) has grown single 
crystals of wolfric oxide {WO3) and has reported their 
ferroelectric behavior. At room temperatures the conduc­
tivity of WO crystals is high ^ ich fact he aiggests may 
3 
be related to the sodium impurities. At liquid air tem­
peratures the conductivity of is low vftiich suggests 
that for sodium content in minute amounts the crystals 
exhibit semiconductor properties. 
It is informative to consider the structure of Na W0_ X 3 
from the two extrme values of x. Ihen x is near zero 
the sodium atoms may be c»nsidered as impurities in the 
WOg structure, but when x is slightly less than one 
4 
the oompound is essentially IfeWOg with a few vacant 
soditaa sites in the lattice. In the range a: = 1,0 to 
X ~ 0,5 the structure of is cubic, and a shrinking 
lattice dimension accompanies the decreasing value of x, 
for z = 1 the lattice dimension as given by Hagg (1) is 
3.8§0 A| and for x =0.32, 3.813 1. The shrinking of the 
"VC 
lattice is due to the difference in the size of the W 
+ 5 +6 
and the W ion; the W is the smaller one since it has 
one less electron. As z decreases, the number of W"*"^  ions 
in the lattice increases, and the lattice constant de­
creases, This lattice shrinking is accompanied by a 
marked change in the color of the crystals. For x in the 
range 0.7 to 1,0 the color is a bright yellow, but as x 
decreases the color changes progressively through red to 
violet and then to blue when 2 = 0,3. In this latter case 
about seven-tenths of the sodium sites are vacant. 
Straumanis (3) was able to vary the color of samples of 
Jfe W0„ by subjecting them to chemical reactions which would 
X 5 
increase or decrease the amount of sodium present. 
Physical Properties 
The crystals of sodium wolfram bronze are not extremely 
hard, and they can be cleaved along the (100) crystal faces. 
5 
They are quit© brittle, and extreme oare must be exercised 
when electrodes are tightened on them, for they can bo 
easily fractured, The relationship of the color of the 
erystalB to sodium content and to the lattice dimensions 
was described in the last section. 
fhe density of yellow bronze is given by Jelllnek 
and Brantley (4) as 7,169 gm/cm . The lattice dimension 
of a unit oell of Sa„?i?Og is 3.85A for yellow bronze, 
—8 3 5 
maJcing the molecular volume (3.85 x 10 ) om /molecule, 
A mole of WO {x = 0,58 corresponds to the value of 
0.68 3 
X in crystals prepared here) occupies a volume of 
(5,8§ X lO^ )'^ (6,023 X 10^ ®) = 34.4 cm®, in which 
the second factor on the left is Avogadro's number. The 
molecular wei^ t of laQ gsWO^  is 247.S grams. Mth these 
values on© calculates the density of the crystals studied 
to b© 
g47,5 gm/mole-f- 34,4 on om /mole =7,20 sa./m 
V3hieh approximates the experimental value of 7.169. 
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IQUAJTIONS mm FREE-ELECTRON THEORY OF RffiPALS 
Solids are arbitrarily, "but conveniently, classi­
fied into five main groups; valence crystals, ionio 
crystals, molecular crystals, semi-conductors, and metals. 
Metals are cheiracterized by their good electrical and 
themal conductivities, and they show an increase of 
electrical resistance wit^  an increase in temperature 
(positive temperature coefficient of resistivity), Sodixmi 
wolfram bronze crystals eacMblt fairly good conductivity, 
and measurements to be described show them to possess a 
positive temperature coefficient of resistivity. Thus 
they are classified as metals. The basic formulas which 
are to follow are those \«diich are associated with metals, 
for the most part, the following equations will not 
be derived. Only derivations considered most pertinent 
to the discussion are given. The derivation of all the 
equations that follow in this chapter are found in Chapter 
IT in Seitz (5), The following notation is used! 
-19 
ess magnitude of electronic charge»1,60 x 10 coxilomb. 
—S7 h = Planck's constant -6,55 x 10 erg-sec. 
k = Boltzaaann's constant =s 1,38 x lO'^ e^rg/degree, 
-28 
m S3 electronic mass = 9,10 x 10 gm« 
7 
ss:Ooncentration of eleotrons 
s^rmoMlityof electrons (cm^ volt^ sec). 
=^r electrical conductivity (ohm"^  
p^ l/or^  resistivity (ohia-<Ma), 
3 
Rjj^ Hall coefficient (can /coulomb). 
s^rmean free path (cm,), 
^^ sfermi energy level (ergs). 
t = thickness of crystal (cm.), 
%= magnetic susceptibility. 
=Bohr magneton = eh/4iuac=0,925 x lO'^ c^gs units. 
O^ srthermal conductivity (cal/sec-deg-om.), 
T =s absolute temperature (°K) • 
v^  = thermal velocity (cm/sec.), 
v=drift velocity {cm/sec.), 
7^ =electronic heat (erg/deg). 
£ =electric field strength (volt/cm,). 
J = current density (amp/cm ). 
h^=ifcll voltage Cvolts). 
I = current (amperes) 
H = magnetic field strength (gauss). 
8 
Hall Coefficient and Oonoentration of Electrons 
In 1879 S# H« Hall (6) reported the existence of a 
••new action of the magnet on electric currents." If a 
conductor carrying a current is subjected to a magnetic 
field perpendicular to the direction of current flow, an 
electric field is set up vdthin the conductor \siiich is 
at right angles to both the current and the magnetic field. 
Presence of this transverse field is the Eall effect. In 
vector notation it is expressed as 
(1) 1 = ? 2 S, 
in t^ ich the X denotes the vector product. In terms of 
the total current I, the thiclcness of the sample t, and 
the Hall voltage expression (1) becomes In scalar form 
(2) 
Stolvii^  (2) for gives 
(3) Ej^ =Vj^ t/lH. 
In (3) the units for Rj^  are volt^ cm./ampere-gauss. To 
obtain Bv ia more convenient terms, cm^ /coulomb, (3) is 
8 
BHiltiplied by 10 • The value of E. is calculated from the 
h 
following equationI 
(4) Yjjt/IH. 
9 
In (4) 7^  is the Hall voltage whioh is calculated from the 
measured voltage and a correction to it due to short cir­
cuiting the current electrodes. Isenberg, Russell, and 
Qreene (7) have shown that the measured voltage is equal 
to the actual voltage only if the length of the sample is 
at least four times the width. For length-to-width ratios 
of less than fo\ir the measured voltage is less than actual 
Sail voltage and the correction is then to be applied. 
From the free-electron theory of metals the follow­
ing expression is derived: 
C5) 
The concentration of electrons n^  is obtained directly from 
the Hall coefficient. The negative sign is associated with 
the negative sign of the electron, A positive Hall co­
efficient would indicate positively charged carriers (holes)• 
Another transverse magnetic effect closely associated 
with the Hall effect is known as the Ettinghausen effect. 
The Ettinghausen effect is the transverse theirmal gradient 
produced when a current-carrying conductor is subjected to 
a magnetic field. Due to this phenomenon a temperature 
differential can be detected on opposite sides of the con­
ductor. This temperature differential produces a voltage 
in the probes indistinguishable from the voltage due to 
the Hall effect. 
10 
Heotrloal Oonduotivity and Mobility 
The defining equation for electrical oonduotivity is 
(S)  ^= i/s. 
Two other expressions for both derived frcaa the free-
electron theory of metals are 
(7) <7^  =e^ noJ^ mv and 
(8) 0^  =n^ e^  from (5) and (8) 
Equation (9) gives a simple relationship between electrical 
oonduotivity and the mobility of the electrons. The mo­
bility is the drift velocity attained by an electron in a 
unit electric field. Mathematically this is written as 
(10) yW=Vj/E. 
From both (9) and (10) the physical units ofju are seen 
to be OTi^ volt-sec. 
Mean Free Path 
The mean free path is the average distance an elec­
tron moves between collisions with surrounding atoms. An 
e3g)re3sion ttxe Jl is obtained from equation (7), 
{11) / = ^T^ ittv/e^ g. 
Another expression for Z involving the mobility is 
11 
(12) i =li/2e (SHQ/TT 
It Is expressed in om /volt-»seo., and the numerical 
values inserted for the known constants, equation (12) 
heooiaes 
(ISa) >£ = 2.02 X lO"^ ® 
The latter expression facilitates numerical computation. 
Fermi Energy Distril}ution 
From the classical, or Maxwell-Boltzmann, dis­
tribution function for energy states, the mean energy per 
electron, is 3l£f/2, Obviously, this means that at the 
absolute zero of temperature the electronic energy vanishes, 
i^ om this equation the incorrect expression results that 
the electronic heat per gram atom is 3ZH/2, in which z is 
the number of valence electrons and R is the universal gas 
constant. Since the specific heats of all metals are 
primarily due to lattice vibration this contradiction rules 
out the use of classical statistics. 
fhe quantum, or Fermi-Dirac, distribution function, 
loads to quite another result. Since the Pauli principle 
allows only two electrons to have the same energy, those 
with opposite spins, all the electronic energies cannot 
vanish at absolute zero of temperature, fhe electron 
12 
energies in a metal at absolute zero form a quasi«oontin» 
uous energy band, fhe energy of the electrons at the top 
of this band at absolute z&to has besn called the Peimi 
energy level and designated as 6o« All possible energy ' 
states below are filled, and all above this energy 
are empty. 
fhe e:^ ression for <i©rived from the quantum 
statistics at T = 0 is 
(13) = (hVaa) (3no/87c 
Notably, all factors in (13) are constants except n . Sub-
stitutiag for all the constants, the numerical expression 
is obtained; 
(13a) el = 5.71 X 10*"^ %^ ®^. 
From a simple calculation the mean energy of the electrons 
at T=0 is 
(14) e = 3 €o/5 
o 
Magnetic Susceptibility 
The magnetic susceptibility per unit volume ->L is 
defined in terms of M, the magnetization per unit volume, 
and the magnetic field intensity, H. Kie defining relation 
is 
(15) M= •y.H. 
13 
Since M and H are measured in the saiae unit, x is dimen* 
sionXess. 
The Pauli theory of the paramagnetism of metals, in 
•s^ ioh the electrons are assumed to be free, gives for the 
susceptibility 
as) X= (3/S)n i/ ^0, 
o -20 
the Bohr magneton, has a value 0,9S5 x 10 ogs units. 
Equation (16) can be simplified for numerical calculations 
as were the other equations: 
wAn f 
(16a) x = 1«28 X 10 ^  ny 6o-
Thermal Conductivity 
The thermal conductivity enters into these expres­
sions through the Wiedesaann-Franz law. flie observation 
that good oonduotors of heat are also good electrical con­
ductors led Wiedemann and Iranz (8) to the theoretical 
fact that the ratio CFi^ (J is a constant. By a straight-
n £ 
forward derivation, 
(17) (k/®)^ . 
I^ om this the thermal conductivity is available at tem­
perature T. By a manipulation of units involved CT ^  in 
oal/seo-om-degree can be obtained from CF in ohm'^ cm . 
£ 
14 
by means of the following oxpresslont 
iiu) (T^ s^.az X 10"® Tcr, 
Bleotronio Specific Heat 
fhe ©jgjression representing the electronic contri­
bution to the specific heat is 
(IQ) =k/2;7:^  
For ordinary temperatures this is negligibly small compared 
with the specific heat due to lattice vibration. It be­
comes important only at temperatures near 0°K» For com­
putational purposes equation (18) becomesj 
(18a) 7^ =9.40 z 10'^^ T/£-». 
Oomparison of Thermal and Drift Telocities 
fhe arerage thermal Telocity of the electrons in 
sodium wolfram bronze can be calculated from the mean energy. 
Since the energy of an electron is this can b« equated 
to the mean energy of the electrons at T=0. 
Thus, mT ^ 2=3^ 0/6 
(19) yj =tl.E/m)^ ''® 
15 
b^stituting the value for the mass of electron this 
reduces to 
(19a) v^ =3.63 X 10^ ®6 
fhifl is the average thermal velocity at T = 0» h^e room 
temperature value is slightly higher. The average drift 
velocity in terns of the impressed electric field is 
obtained from equation (10), 
(SO) Vjj= ^ 1. 
le 
lIPiSHIMSHTiL PROCSSm?! 
Crystal Orowth 
sodium wlfram bronze used in this experiment 
was prepared aoeording to the following ohmieal re* 
actions 
sate WO 8W0 -V W 6Hia¥0 
2 4 3 3 
Stramaanis (3) prepared a series of bronzes with varying 
amounts of sodium according to the equation above. In 
a confidential report, JellineJc and Brantley (4) of the 
Mnde Air Products Corporation report a systeaaatie study 
of the variables involved in the preparation of these 
crystals. To grow good crystals they report the effect 
of t^ perature, cooling rates, reactant proportions, and 
reaction vessels, The sodiias wolfram bronze crystal© for 
this experiment were prepared according to the optimum 
conditions they report to produce good, yellow, oubic 
crystals up to 5 mm, on an edge. 
Briefly, the method consists of mixing thoroughly 
the proper proportions of (sodium wolfrate), WO 
3 
{wolfrio oxide) and W (finely ground wolfram metal); 
heating taie mirbure in an inert atmosphere in a Tycor tube 
17 
to appj^ xiaately 1000 degrees Centigrade; then cooling 
it slowly to 700 degrees Centigrade. 
A photograph of the equipment used to grow the 
crystals is shora in lig. 1» A tank of helium supplied 
a steady flow of an inert atmosphere to the Yyoor tube 
containing the mixture of reactants. A Hoskens electric 
OTen, designed for use up to 1000^ 0, was used to heat the 
tube and its contents. The linear cooling rate for the 
oven was controlled by means of the regulating circuit 
of a Brown Electronic Recorder. This control mechaniam 
was driven at the proper rate by a slow-speed electric 
motor to lower the temperature below the molting point 
of the crystals in the desired time. Cooling rates as 
low as 30°0 per day were possible. On a preliminary 
run the variations from a linear cooling rate were as 
o high as SS 0. Increasing the heat content of the oven by 
lining the inside of the muffle with iron reduced the 
variation from a linear rate to a maximum of only 5°0. 
A run was made in the following manner. The Vycor 
tube was filled with the mixture and placed in the oven; 
the flow of helium was rapid at first to drive out all 
3 / the air, but then reduced to about two cm /see for the 
18 
Fig. 1, Apparatus used in the preparation of crystals of 
sodium wolfram bronze. 
19 
remainder of the run. After a sufficient time to exhaust 
all the air from the rubber hoses and Tyoor tube, the 
oTen was heated to 1000°0 as rapidly as possible. After 
the recommended time at this temperature the temperature 
control mechanism cooled the oven to 700°C at the desired 
rate. Because no changes occurred in the crystals below 
700*^ 0 the mixture was left to cool as rapidly as it would 
to room temperature. Then the crystals were separated 
from the matrix as much as possible by hand} the remain­
ing was removed by leaching the mass in water, 
and the excess Tyoor, to which the crystals clung tena­
ciously, was dissolved in 48^  hydrofluoriLc acid, 
crystals were removed from the acid, washed and dried, 
A few crystals formed in this manner had edges up to 5 mm,, 
but the majority of good cubic crystals were about two to 
three mm. on an edge. 
An attempt to grow crystals which contained a smal­
ler percentage of sodium resulted in a blue powder which 
clearly indicated a mailer sodium content. A ponder 
X-ray picture taken of the blue powder indicated that the 
material possessed cubic structure, but the crystals, 
microscopic in size, were much too small for experimental 
so 
work, 
OonduotiTity 
The oonductiTity of a crystal of sodium wolfram 
broaz© is obtained from measurements of the resistance 
and linear dimensions of the crystal. The linear di­
mensions wsro obtained with a calibrated scale in a 
microscope. 
!Phe resistance of a cube of sodium wolfram bronze 
having edges about 2 mm. is a few milliohms. Hence, the 
resistance of lead wires becomes a disturbing factor be­
cause it is often greater than that of the crystal. If 
resistance measurements are made, the resistance of the 
leads must be subtracted from the combined resistance of 
the crystal and leads. Making good electrical contacts 
with the crystal is a vital feature of measurements of 
high conductirity. Attempts were made to fix leads on 
crystals of sodium wolfram bronze without success. The 
most suecessftil contacts obtained were made by facing 
the electrodes vdth a layer of indium, nifeioh was easily 
forced into the shape of the crystal face making good 
electrical connection. If exposed to the air for some 
time surface contamination greatly altered the resis-
SI 
taaoo of a crystal, henoe each crystal was washed in 
hydrofluoric just prior to its conductivity measurement. 
The resistance measurements of these low-resis­
tance crystals were initially made with a Kelvin double 
bridge, A crystal holder was constructed with large-
cross-section copper bars and lead wires in an attempt to 
make the resistance of the lead wires less than the resis­
tance of the crystal. a serious difficulty arose ^ \Sion the 
holder was placed in a cryostat containing liquid Hg for 
low-temperature measurements. The leads permitted a good 
path for heat to be conducted to the crystal and it was 
o found impossible to cool the crystal to -100 0, which was 
far from the desii^ d low temperature of -170^ 0. This 
fact su^ ested the us© of potential measurements with a 
known current passing through the sample, since small cross 
section wire, which would conduct little heat, could be 
used for potential measurements# 
fig. 2 shows a line diagram of the electrical cir­
cuit and the temperature controls that were en^ loyed, A 
six-volt storage battery was connected in series with a 
rheostat H , a standard resistanoe 1 , and the crystal X, 
1 2 
S2 
j]iM|6V. STORAGE BATTERY 
THERMOCOUPLE 
—i<n 
R, 
"• *1 ^ 2 
1 
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r 6V:^  
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<p 
HEATING 
COIL 
LOW-TEMPERATURE 
CONTROL 
VARIAC 
HEATING 
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IIOV.A.C. 
HIGH-TEMPERATURE 
CONTROL 
2. ELeotrioal oirouit and temperature controls 
used in oonductivity meas\UP«iaentB. 
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fh© rheostat limited the ourrent to the value desired, 
approximately one ampere, fhe resistance of the standard 
E , measured on a Kelvin double bridge, was 0.04W ohm 
to one percent aocuraoy, Ssdtches and were added 
to permit measurements with the primary current flowing 
in both directions to eliminate any spurious thermal 
effects. f®aperature measurements were mad© vdth a copper-
oonstantan thermocouple which was calibrated against the 
following five known temperatures; boiling oxygen, - 18S.S°0 
at barometric pressure of 738.9 mm*; sublimation of carbon-
dioxide in acetone, - 78.5°0; boiling water, 99.2^ 0 at 739 
o o 
mm., pressure; melting tin, S31.9 0 and melting lead, 327.3 0. 
®ie thersracouple junction mad© good mechanical contact 
with on© of the ourrent electrodes which supported the 
crystal to insure thermal equilibrium. All the null direct-
current potential measurements were made with a Rubicon 
fype B potentiometer using a Leeds and Ubrthrup Ho. 2430 
galvanometer. A photograph of the assembled equipment is 
shown in Fig. 3. 
Both teaaperature controls referred to later as the 
cryostat and the oven, were designed to fit into quart 
IJewar flasks; each was fitted with a 20-inm. test tube with 
Fig, 3. Apparatus used for conductivity measurements 
25 
a heating filament coiled about the lower end. The oven 
was heated with alternating current, hut direct current 
was used in the cryostat, 
fh© crystal holder, shown in fig* 4^ was designed to 
be inserted in the test tubes mentioned above. The brass 
electrodes are supported rigidly on a strip of bakelite 
and th© potential leads are fastened securely to the 
electrodes in suoh a manner that they are as close to the 
crystal faoes as possible. It was found that the poten­
tial drop across the shorted electrode faoes was less 
than one per cent of the potential drop v/hen the crystal 
was in place, consequently, eliminating the lead cor­
rections, fhe holder was constructed with a brass section 
paralleling the crystal to allow for a differential ex­
pansion effect while the combination was und©rgoi33g large 
temperature changes. It was eapected that the pressure 
contact on the faoes of th© crystal would thus remain 
essentially constant. 
The proper pressure to place on the crystal was 
determined by tightening the bottom screw very slowly 
while making continuous reading of the potential across 
the crystal, When the potential no longer decreased with 
Fig. 4. Crystal holder used for conductivity measurements 
showing the crystal in position and the potential 
leads. 
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a small Eioveaent of the screw, the indium made the best 
electrical contact. This was apparently true because the 
potential on the crystal returned to the same value at 
room temperature after it had been cooled to -170°0» 
With the crystal mounted properly, the holder v/as 
placed into the oryostat. ?i/hen the temperature no longer 
decreased, the measurements of the potential across the 
crystal with the current flowing in each direction, and 
the potential across the standard resistance were taken. 
I^ bsequest measurements were taken as the crystal warmed 
through about ten degree intervals. The primary curr^ t 
remained very nearly constant throughout making that 
measurement less critical than the others. As the temper­
ature approached room t^ aperature the holder was removed 
from the caryostat, and placed in the oven. The limiting 
temperature on the high side was, ideally, the melting 
point of indium, 146°0; however the indium apparently 
softened at a much lower temperature and caused the re­
sistance to increase very rapidly. At this point, usually 
about 40°0, the runs were terminated. 
S8 
Ball Ooefficieat 
Most Of the Sail measureraeats reported ia tlx© 
lit®ratmre have feeen made using a direct current through 
the crystal, which is satisfactory for materials that 
have a large Hall coefficient and for materials that 
can he prepared in very thin foils. Since d. c. measure-
meats involve the sum of the Hall and the Ittinghausea 
voltages, the latter must be determined separately and 
subtracted from the sum to detenaine the Hall voltage. 
In materials having Ittinghausea effects comparable or 
large in size compared to the Hall effects, the error will 
be large, fhe Sttiaghausea effect is eliminated \eheaever 
the probes caa be made of the same material as the sample. 
In measurements where this is impossible, as in the case 
of this experiment, the Ittinghausea effect can be elimin­
ated by the us® of alternating current through the crystal 
and a steady magnetic field. Owing to the isttinghausea 
and spurious effects the initial attempts to measure the 
jiaH voltage la sodium wolfram bronze with direct cur­
rent were unsuccessful. Hence, it became necessary to 
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I'dsoi't to an a, e. mettiod. A further advantage of the 
a. 0. method is that it is easier to amplify and hence 
measure small a. c. voltages than d. c, voltages of the 
same magnitude. 
An a, c. method for the Hall effect determination 
over a wide range of frequencies has been shown by aaith 
(9) and Wood (10) to give the same value as d. o* deter­
minations, Smith showed less than a 2^  variation in the 
Hall coefficient of bismuth in the frequency range 0-180,000 
cycles per second. Similar small deviations were recorded 
by Wood over a 0-50,000 cycle per second range in tel­
lurium, Recently Leverton and Dekker (11) reported the 
deteimination of the Hall effect in antimony using an 
alternating current of ElO cycles per second through the 
sample with an apparatus quite similar to the one to be 
described. R^iey report an essentially constant value of 
the Hall coefficient as a function of magnetic field 
strength. 
A block diagram of the component parts of the appar­
atus used in these determinations is sOniown in Fig. 5. A 
lO-cycle-per-second source delivers the desired current 
of about 10 Euaperes to the crystal. The small Sail voltage 
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'SCOPE 
VACUUM-
TUBE VOLTMETER 
?ig, 5, Blook diagram of Hall effect circuit. 
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haTiiig tli0 same frequenoy as the primaxr ourrent, is 
amplified in a narrow-band, feed-baok asyplifier and 
measured on a Taouum-tube voltmeter. The Hall voltage 
and a signal proportional to the crystal current are 
introdueed into an electronic switch and thence to an 
oscilloscope where the phase relations and waveform of 
each can be observed. The monitoring circuit is used to 
fix the frequency of the primary current at 10 cycles per 
second. 
A brief explanation of the choice of the low fre­
quency, 10 cycles per second, should be made. Of minor 
importance, a narrow-band, high-gain, 10-cycle-per-second 
amplifier had been built, and was ready for immediate use. 
More iiaportant, however, is the future plan to make use 
of alternating current in both the sample and in the field 
coils, but of different frequencies. In this case the 
frequency of the Hall voltage is the difference between 
the frequencies. Using SO-cycle-per-second current in the 
sample, and 50-oycle-per-second current in the field ooils 
would necessitate a lO-cycle-per-second amplifier. Still 
other advantages exist in the use of 10 cycles per secondj 
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its use precludes any 60-cyole-per-seoond piclcupi the 
noise level in a narrow-band, feed-back amplifier is 
normally low, but lower for smaller band pass. With a 
Tery low frequency such as this, the band pass can be 
made Tery low, less than one cycle per second, making the 
signal to noise ratio larger, 
A more detailed circuit of the apparatus used is 
shown in Fig. 6. At the outset it was planned to make us© 
of an electronic oscillator for the primary crystal current, 
but attempts to measure the Hall Toltages indicated that 
it was unable to supply sufficient current. Through the 
suggestion of Prof. Willis of the Electrical Engineering 
department the desired current was obtained from one of 
the rotor windings of a three-phase, wound-rotor induction 
motor. If such a motor is slowed down so as to run at 5/6 
rated speed, the rotor current flo\ra at 10 cycles per 
second. A type GW variable-speed, two-horsepower, S20-440 
•olt, three-phase, Westinghouse induction motor was used. 
It was designed to deliver a maximma of 16 amperes in the 
rotor circuit. To slow the motor to the desired speed a 
General Electric S^ kilowatt d. c. generator was coupled 
directly, shaft to shaft, to the motor. By varying the 
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6. Detailed eleotrioal circuit used for Ball 
effeot measurements* 
34 
output load on this generetor the speed of the motor oould 
be reduced as desired. The field coils in the generator 
were externally excited. Using this arrangement, with 
rheostats in the external rotor windings, a current up to 
12 ampere rms. at 10 cycles per second was readily available. 
A series circuit of the sample and a 0.1 ohm standard 
resistor was placed in one of these rotor windings as shown 
in Fig, ®, 
Paralleling the 0.1 ohm resistor is a series circuit 
of a precision 1000 ohm resistor and a low resistance of 
0.00174 ohms. The latter resistance was obtained by measur­
ing the potential on each resistance with a current flow­
ing through the two in a series circuit with ad, c. voltage. 
These resistances were so chosen in order that the voltage 
aoit»ss the smaller resistance is of the same magnitude as 
the Hall voltage produced in the crystals, and the smaller 
resistance is similar to the resistance of the samples. 
Referring to the eaqpression for the Bfell coefficient, equa­
tion (4), the Hall voltage enters into the nunusrator, and 
the crystal current into the denominator. Using the ampli­
fier to measure both of these at the same voltage level, 
and with the same impedance input, the gain of the amplifier 
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oanoels, and need not be detemlned. 
The Hall voltage is obseirred by means of the three 
probes on the sample as shotm. Two probes on one side of 
the sample are conneoted through a low-resistanee helipot. 
(Actually three helipots were connected in parallel to 
lower the resistance in that circuit). The center tap of 
the helipot is connected to the single probe throu^  the 
primary of low-frequency transformer. The function of 
this transformer is to match impedances to the grid cir­
cuit of the amplifier. 
The amplifier for the Hall voltages is a three-stage, 
push-pull, feed-baelc electronic instrument having a gain 
5 
of about 10 , and is sharply tuned to 10 cycles per second 
by means of twin parallel-T networks. The output of the 
amplifier is read on a Hewlett-Packard Model 400A rms, 
vacuum-tube voltmeter. 
The proper frequency in the primary circuit was ob­
tained by minimizing the drift of a Lissajous figure on an 
oscilloscope. Small changes in frequency were obtained by 
adjusting the rheostats in the rotor windings. 
As was mentioned earlier, one of the advantages of the 
a. c. method is the opportunity to observe the phase rela­
tions and wave-form of the Hall signal. The amplified Ball 
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signal and the voltag© across the standard resistor were 
fed into an eleotronie switch (Da Mont 185A) and thence 
to an oscilloscope. The Hall signal clearly shifted through 
o 
180 while the helipot was turned through the null, fhe 
manner in which this was employed to determine the sign of 
the Hall voltage is described ia a later section of this 
chapter. 
The magnetic field was supplied by a Model 23->104A 
Consolidated electromagnet designed to give a field of 
10,000 gauss in a one-inoh gap with 10 amperes in the field 
coils, A full-wave selenium bridge rectifier supplied the 
current to the magnet. Any current up to 10 amperes was 
readily obtained. By means of a reversing switch the direc­
tion of the magnetic field was easily changed and it was 
indicated by either a red or green light showing on the 
panel. Arbitrarily, the positive direction of the field has 
been associated with the green light, and the negative with 
the red. The strength of the field for the pole separation 
used was measured with a TBlbA/AP fluxmeter. 
Several sample holders were constructed before one 
functioned successfully. Two photographs of the holder are 
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shorn ia figuire 7. In Fig. 7a is shown the holder with 
th© brass current lead moved aside to show the position 
of the crystal and probes, and in (b) the holder is sho-m 
completely asseiabled as it was placed into the gap, A 
piece of polystyrene one-half inch thick was used as the 
solid base for all the electrical pieces. Two grooves one-
eighth inch deep were milled at right angles, crossing at 
the center, fwo brass pieces, the currant electrodes, 
were fitted into opposite sides of one of the grooves, one 
securely, and the other adjustable with the screvj shown on 
the right, fhis design facilitated the process of chang­
ing crystals. The electrodes were faced with indium solder 
to insure adeq.uate mechanical support and good electrical 
connections. Low-resistance contacts on the crystals are 
essential. Any high-resistance contacts cause the crystals 
to warm excessively, and instability results. Trouble was 
avoided if the crystals surfaces were cleaned of all con­
tamination before mounting th^  into the holder. The 
manner in which the probes are fastened can be se^  in the 
photograph. The probes were mad© from 0.01-inch wolfram 
wire, shai^ ened by inserting a heated end of the wire into 
potassium nitrite (KNOg). The sharpened points were held 
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Crystal holder for Hall effect measurements. 
( a )  C u r r e n t  l e a d  a s i d e  s h o w i n g  c r y s t a l  a n d  p r o b e s .  
( b )  C u r r e n t  l e a d  r e p l a c e d  a s  i t  i s  l o w e r e d  i n t o  
magnetic gap. 
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seoupely against th® crystal by spring tension in the 
wolfr^  wire itself. 
fh© current leads from the supply were brought to 
the brass electrodes throxagh a piece of one-half-inch iron 
pipe, fhe pipe, fastened rigidly vdth bolts to the poly­
styrene holder, served as a rigid support for the holder, 
and as a magnetic shielding for the leads. Prior to the 
use of this shielding the change in the resistance due to 
the magnetic field, and the 10 cycle Tibration in these leads 
caused electrical Instability. The three probe leads exit 
from the holder through a flexible steel conduit to the 
helipot and transformer, which are placed in a shielded 
box. The design of the probes is such to minimize the areas 
between the leads and hence l^ e piclmp due to the large 
current flowing in the crystal. This piclcup was also mini­
mized by arranging the return current lead to be as near to 
the crystal as possible. The location of this bar, lig. 
7 (b), tends to cancel the magnetic field due to primary 
currents. 
®b,© holder was clamped in the gap with the back side 
held rigidly against one of the pole faces, since any slight 
motioa of the holder as the magnetic field was increased 
appeared to disrupt the position of the null. 
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fo measure the Hall voltage the crystal was placed 
between the brass electrodes, the probes were properly 
placed, aad the holder fastened rigidly in the gap. ?/ith 
current flowing^  but zero magnetic field, the helipot was 
moved until a miniiaum signal was noted on the oscilloscope 
and on the voltmeter. Headings of the voltmeter deflec­
tions were taken as the magnetic field was applied succes-
sively in opposite directions. 
The electronic switch shown in Pig, 5 and 6 was used 
primarily for the determination of the edgebraic sign of 
the Hall coefficient, but it was also an aid in setting 
null position on the helipot. It was observed that the 
o best null was attained when the Hall voltage 'ma 90 out 
of phase with the current. The voltage across the standard 
resistance was modulated with the positive half cycle of 
the square wave generator, and the amplified signal from 
the amplifier, after it is put through a transformer for 
impedance matching, was modulated with the negative half-
cycle. The upper sine wave, v^ ich represents the sample 
current, remained constant in magnitude, but the lower 
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wave, representing the Ifell voltage not only ehanged in 
m^ nitade '»ith changing magaetio field strength, but also 
underwent a 180° phase shift in reference to the crystal 
current. If the Hall volta^  appeared in phase v/ith the 
current with one direction of the magnetic field, it was 
out of phase when the field was reversed. That this must 
be true is readily understood, for if the conducting 
particles are deflected toward the side of the crysteLl 
having the single probe with one field direction, they will 
be deflected to the opposite side Virhen the field is reversed, 
if we consider instants ^ en the current flows in the same 
direction in the crystal. 
If the electrical connections are unchanged as dif­
ferent samples are introduced into the holder the only 
factor which can produce a reversal in phase relation is 
the sign of the carriers of conduction. All electron-con-
ducting materials will exhibit similar phase relations with 
the primary curreaat, and all materials in which conduction 
is by positive carriers (holes) will exhibit the opposite 
phase relations. 
Tb.9 sign of the Ball coefficient in sodium wolfram 
bronze was detemined by making such a comparison with a 
42 
sample of known sign* The sample chosen for this comparison 
was antimony. The si^  of the Hall coefficient of antimony is 
positive, which was verified for the particular sample used 
by determining th© polarities of the vector quantities in­
volved using a d. c. Hall measurement. The results of anti­
mony and sodium wolfram bronze are shora in the six oscil­
lograms la Fig. 8. The antimony results are shows in the 
left hand column, and the bronze in the right. The upper wave­
form in each of the six pictures represents the primary cur­
rent through the sample. In the two upper pictures the lower 
curve r^ r^esents the best attainable null. The middle pic­
tures show the phase of the Hall voltage for positive mag­
netic fields, and the lowest two pictures for negative fields. 
Two important conclusions can be drawn from these oscillo­
grams, (1) For each crystal the polarity of the Hall voltage 
changes in respect to the current with a change in field di­
rection, vea^ fying a statement made above, and (2) the soditaa 
wolfram bronze has a Hall voltsige of opposite sign to that 
of antimony. This indicates that the Ball coefficient in the 
brtaize is negating. Measurements of copper and magnesium, 
each possessing negative ]Ete.ll coefficients produced the same 
phase relationships as the bronze, further establishing the 
conclusion that the Hall coefficient in bronze is negative. 
a photograph of the assembled Hall effect apparatus is 
shown in Fig. 9. 
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Fig. 8, Oselllograms of the Hall voltages in antimony aad 
ia sodium wolfram bronze. 
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Fig. 9, Apparatus used for Hall measurements 
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SXPlRIMiaJTi^  HSSIXLTS 
Measurements 
Th® oonduotivity vs, temperature ourves foi- three 
crystals of sodium wolfram bronze are included in this 
report. Tables I, II, and III contain the data taken on 
crystals 4»04|, 4-09 and 5-01, respectively. Th© first 
coltiffln in each table lists th© potential on the standard 
resistance, •v&ich is practically constant throughout each 
particular run. The second and third eoluians in eaoh 
table list the potential across the crystal for positive 
and negative current in the crystal, respectively. It 
is interesting to note that in eaoh case the potential 
across the crystal is greater for negative currents at 
the beginning of a run (at low teji^ erature), but by the 
end of the run th© potential was greater for positive 
current. In all cases this cross-^ over of potentials 
o o 
occured between »20 0 and 0. 
The last coluim in each table lists the theriEsocouple 
potentials, th® minus sign referring to taaperatures below 
0^ 0. All entries in Tables I, II and III are in millivolts. 
Tabl® I 
Data on Crystal 4*04 
Potential Potential aoross Crystal Potential on 
aoross ' "Olgmf UUlliymT fhermo-
Standard Positire negative oouple 
45.54 0.692 0.720 -4.832 
45. 80 0.707 0.730 -4.619 
4@.44 0.715 0.744 —4.407 
40. 4d 0.7S9 0.761 -4.162 
4&.44 0.744 0.778 -3.907 
4S.49 0.761 0.794 -3.631 
4S.4@ 0.777 0.808 -3.362 
45.52 0.796 0.823 -3.054 
4S.47 0.83.2 0.839 -2.771 
45.50 0.83g 0.854 -2.477 
45.48 0.852 0.872 -2.145 
45.58 0.872 0.889 -1.830 
45.51 0.893 0.906 -1.483 
45.55 0.913 0.923 -1.134 
45.50 0.936 0.943 -0.765 
45.56 0.964 0.959 -0.375 
45.60 0.996 0.992 0.0 
45.58 1.029 1.022 0.409 
45.50 1.068 1.066 0.770 
45.50 1.224 1.194 1.422 
Leagtli « 0,21 m» Orosa-seotional area « 0.041 eaa^ . 
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Table II 
Data oa Crystal 4-09 
Potential foteatial aerosa Orystal Poteatial on 
aoross Ourreat Current thermo-
Standard Positiir© Hegativo oouple 
45.41 1.295 1.343 -4.823 
45.33 1.307 1.348 -4.945 
45.17 1.320 1.368 —4.609 
45. SS 1.345 1.388 -4.386 
45.S4 1.335 1.410 -4.160 
45.S5 1.387 1.428 -3.902 
45.21 1.407 1. 448 -3.636 
45.21 1.426 1.468 -3.370 
45.rl7 1.447 1.486 -3.078 
45.17 1.470 1.503 -2.791 
45.05 1.501 1.517 -2.456 
44.90 1.521 1.537 -2.147 
45.20 1,665 1.562 -1.809 
45.03 1.573 1.582 -1.512 
45.12 1.625 1.609 -1.090 
45.10 1.658 1.641 -0.746 
45.02 1.710 1.682 -0.343 
44.94 1.780 1.748 -0.010 
44 4t 93 1.903 1,880 0.403 
2 
Leagtli = 0,107 om. Cross-sectlonal ar8a=s0,010g <sa • 
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Tafele III 
Data on Crystal 5-01 
Poteatlal potential aoross Oryatal Potential on 
aeross Ourreat ouw^ ni fhanao-
Standard Positive Sfegatiir® couple 
46.06 0.569 0.606 -4.980 
46.11 0.585 0.617 -4.625 
46.15 0.592 0.6S9 •4.374 
46.16 0.599 0.637 -4.148 
46.19 0.609 0.647 -3.882 
46.19 0.617 0.655 -3.663 
46.BS 0.6^  0.665 -3.353 
46.21 0.638 0.673 -3.077 
46.36 0.651 0.682 -2.777 
46. S3 0.663 0.692 -2.470 
46. S6 0.680 0.702 -2.157 
46. IS 0.660 0.699 -2.516 
46.23 0.607 0.699 -2.128 
46.^ 2 0.701 0.714 -1.773 
46.2? 0.716 0.724 -1.470 
46. S4 0.729 0.740 -1.133 
46.E7 0.746 0.753 -0.771 
46.24 0.764 0.765 —0.404 
46.27 0.781 0.774 -0.020 
2 Lengtli = 0,27 (m, Oross-seotioaal area = 0,061 om 
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Wrom tlies© data the resistano© of th.© orystals is cal­
culated. fhe ouri^ ent tlxrough the sample is determined 
from the 7alue of the standard resistance (0*0490 ohms} 
and the potential across it. Th© potential across th© 
crystal, which is an arithmetic average of the two poten­
tials across the crystal at each temperature, divided by 
this current yields th© desired resistance. A calibra­
tion curve was used to obtain the temperature from th© 
thermocouple readings. 1%ie resistance in each case is 
then multiplied by the ratio of the cross-sectional area 
to the length giving the resistivity p , and the conduc­
tivity is the reciprocal of this resistivity. Tables IV, 
V and H contain th© results of temperature in °C, resis­
tance in milliohms, resistivity, and conductivity of crys­
tals 4-04, 4-09 and 5-01, respectively. 
It is important to demonstrate that the resistivity 
and conductivity in the third and fourth columns in the 
last three tables are not determined as accurately as is 
indicated by the number of significant figures given. Th© 
error in the ratio of th© cross-sectional area to the 
length of a crystal may be as high as six percent, hence 
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Table IV 
HesiJlts on Crystal 4-04 
f®a5>erature Average Resistivity Conductivity 
Degrees Hesistanoe in in 
Gentigrad© Milliohms {ohm-om)" 
-160 0.759 1.48 X lO*"^  6.76 2 10 
•"149 • S 0,772 1.51 6.66 
-141.5 0,786 1.53 6.52 
-130 0.003 1,57 6.39 
-120 0.820 1.60 6.25 
-110 0.837 1.63 6.13 
-100 0.853 1.66 6.01 
— 89 0.871 1.70 5.89 
- 79.5 0.889 1,73 5.77 
- fO 0.907 1.77 5,65 
59.5 0.928 1.81 5.53 
- 50 0,947 1,85 5.41 
- 40.g 0,968 1.89 5.30 
- 20 0.987 1.93 5.20 
- SO • 5 1.011 1.97 5.07 
- 9.5 1.034 2.02 4.96 
0 1.068 2,08 4.80 
11 1,102 2,15 4.65 
20 1,148 2.24 4. 46 
36 1.301 2.54 5.94 
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Table T 
Resiilts on Crystal 4»09 
femperatuire AYerage Besistivity Conductivity 
Degrees 
Geatlgppad© 
Besletanee la in . 
Mllliohias ohm-om. (ohm-<»a. 
-159 1.423 1.343 X lO""^  7.45 X 10® 
1^65.S 1.431 1.351 7.40 
*149 1.457 1^ 2^75 7.27 
-139 1.479 1.396 7.16 
-130 1.502 1.418 7.05 
-120 1.523 1.438 6.95 
-110 1.546 1.459 6.85 
-100 1.567 1.479 6.76 
- 90 1.590 1.501 6.66 
- 80.5 1.612 1.522 6.57 
69 1.640 1.548 6.46 
- S9,g 1.665 1.572 6.36 
- 49.S 1.694 1.599 6.25 
- 41 1.715 1.619 6.18 
- 29 1.755 1.657 6.04 
- go 1.791 1.691 5.91 
- 9 1.845 1.742 5.74 
0,5 1.923 1.815 5.51 
11 2.061 1.946 5.14 
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fable VI 
Results on Orystal 5-01 
T^ 0ratur® AT©rag« lesistivity OonduotiTlty 
segreeb Besistanoe la in 
Oemtlgrado Milliohms ohm-om. (ohm-em.) 
-1S7 0.6SS 1.393 X 10*"^  7.18 X 10^  
-150 o.esa 1.416 7.06 
•13f 0.348 1.445 6.92 
-129.5 0.656 1.462 6.84 
-119 0.666 1.485 6.73 
-111 0.674 1.504 6.65 
-100 0.685 1.530 6.54 
- 90 0.695 1.550 6.45 
- 80 0.706 1.574 6.35 
- 70 0.718 1.600 6.25 
* SO 0.731 1.631 6.13 
- 71.5 0.7E1 1.607 6.22 
- 59 0.734 1.637 6.11 
- 48.5 0.749 1.671 5.98 
- 39.5 0.762 1.699 5.89 
- 30 0.778 1.734 5.77 
*» 20 • 5 0.783 1.746 5.73 
- 10.5 0.810 1.806 5.54 
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the values for p and o~ may be in error by that amoimt 
1! 
'tshen oomparing one crystal with another. There is impor-
tanee to the significant figures, however, for the numbers 
(Quoted give the amount of change in the resistivity and 
conductivity for a change in temperature for that particular 
crystal• 
R^ie conductivity of each crystal is plotted against 
the temperature in Fig. 10. The points lie on nearly-
straight lines having similar slopes, from these results 
the tmperature coefficient of conductivity is calculated 
1^2 
to be (-2.10 ± 0.4) X 10 /degree, and the temperature co­
efficient of resistivity is ( + 2.10 t 0.4)10"'®/degree. 
o 
The average conductivity of the three crystals at 0 C is 
(5.3 ± 0.6) X 10^  ohm ^ om 
Two principal sources of error in these measurements 
are (1) the difficulty in eliminating contact resistance at 
the faces of the crystal and (2) the measurement of crystal 
dimensions due to structural imperfections. The deviation 
of the last three points from the straight line for crys­
tal 4-09 is due to increased resistance between the crystal 
and the indium surfaces. The main part of the total error 
may be contributed by the contact resistance, but it is 
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Fig. 10, Oonduoti"7ity of sodium wolfram bronz® as a 
funotion of temperature. 
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impossible to detenaine how great this is. The measiire-
meat of the lengths and cross-saotional areas of the crys­
tals was ooaplioated because they were not perfect cubes 
or rectangular parallelepipeds. The length used in cal» 
culations is the ayerage of several ineasurements taken 
along each edge, and the area is an average of the areas 
of each end. Ko better than five percent accuracy can be 
claimed for the linear measurements in crystal 5-01, but 
for the other two the error is smaller because the crystals 
were nearly cubes. 
There is little information, in the literature vdth 
which to compare this value of conductivity. The conduc­
tivity measiireioents of Straumanis and Dravnieks (12) were 
not made on single crystals, but on sintered powder masses, 
and cannot be oampared with results on single crystals. 
Jellinek and Brantley (4) indicated difficulty in repro­
ducibility of results due to changes in contact resistance, 
but they do report conductivities of similar magnitudes 
as obtained in this experiment. 
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Hall Ooeffloient 
Ipeliittlnary attaapts at dlreot-ourrent measurements 
of the Hall coefficient were unsuccessful beoause of the 
small magnitude of the effect. Therefore, it was con­
sidered necessary to measure materials of icno-vsn Hall oo-
effioieat in order to prove the reliability of the equip­
ment, Two metals, copper and magnesium, each vdth nega­
tive coefficients, were chosen. 
Equation (4) of Chapter III is used indirectly for 
the experimental determination of The equation is 
changed slightly; instead of the current I, an amplified 
voltage proportional to 1 is substituted into the equation. 
Equation (4) becomes 
17.4 YjgpAjHf in cmVcoulomb, 
The constant coefficient, 17.4, results from the numerical 
ratio of the resistances in tiie potential divider. To 
obtain from measurements made, the amplified Hall volt­
age was determined from an average of several measurements 
with opposite magnetic fields. The amplified signal is  
reduced by an amount equal to the noise at the null; tbiis 
difference is Tg. V^ , the amplified signal proportional to 
5f 
the ourreafc, is read directly in volts, The thiolmess t, 
in centimeters, is measured with a miorcmeter. The 
strength of the magnetic field in gauss is substituted 
for H, and t is the Isenberg correction factor. 
The initial data obtained for copper, magnesium 
and three crystals of sodium wolfram "bronze are given in 
Table TO. 
56 
Table 711 
Hall Effect Data 
for Copper, Magziesim and Sodiiim Wolfram Bronze 
Material 
Magnitude 
of field 
in Gauss 
Direction 
of 
Hold 
Null 
Mplified 
SsXl 
Toltafce 
Null 
Copper 9190 Positive 0.09 O.lf 0.06 0.13 
Positive 0.09 0.17 0.09 
Negative 0.08 0.15 0.08 0.13 
Negative 0.08 0.15 0.08 
Magnesium 9190 Positive 0.06 0.14 0.08 0.12 
Positive 0.06 0.19 0.06 
Positive 0.06 0.16 0.08 
Positive 0.06 0.16 0.08 
Positive 0.10 0.21 0.11 
Negative 0.06 0.18 0.06 0.12 
Negative 0.08 0.23 0.08 
Negative 0.08 0.20 0,08 
Negative 0.06 0.26 0.10 
Negative 0.10 0.24 0.10 
So&lua Positive 0.20 0.45 0.20 0.18 
wolfram 9800 Positive 0.80 0.45 0.20 
bronze Positive 0.20 0.46 0.20 
A Negative 0.20 0.46 0.20 0.18 
Negative 0.20 0.48 0.20 
Negative 0.30 0.48 0.80 
Sodium 9190 Positive 0.3 0.5 0.3 0.40 
wolfram Positive 0.3 0.3 0.3 
bronze Positive 0.3 0.3 0.3 
B Negative 0.S5 2.0 0.25 0.40 
Negative 0.25 2.1 0.25 
Negative 0.25 1.9 0.20 
sodiim 9600 Positive 0.20 0.56 0.20 0.15 
wolfram Positive 0.20 0.56 0.20 
bronze Positive 0.20 0.55 0.20 
0 Negative 0.20 0.55 0.20 0.15 
Negative 0.20 0.54 0.20 
Negative 0.20 0.55 0.20 
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The data for the bronze crystal B Is readily seen to 
be much less reliable than for the other two samples of 
bronze. Crystals A and 0 were measured with a slightly 
different procedure and gave better data» Table Till con­
tains the averaged data from Table VII, the Isenberg oor-
reotion factor, and the calculated ]fell coefficients. 
Table VIII 
Averaged Data and Results of Hall Ctoefficient Determinations 
Averaged 
Material Hall 
Thickness Isenberg Hall Ooeffi-
t Correction cient in 
la <m. factor <aa^ /coulomb. 
Copper 0.07 0.13 0.043 0.90 1 • to
 
X -5 10 
Magnesium 0.12 0.12 0.035 0.89 -8,4 X •*5 10 
Bronze A 0,26 0.18 0.168 0*92 -4.6 X O 
1 
Bronze B 0,88 0.40 0.150 0,87 -7.0 X lO""* 
Bronze 0 0.36 0.15 0.12 0,93 -5.7 z 
t o 
Six values for the Hall coefficient of copper at room 
temperature are given in the International Orltical Tables 
(13). The values range from -4.28 z lO"® to -5.47 x 10"*® 
in the same units as those above. The value of -4.9 x 10*^  
obtained in these measurements agrees quite well. The Hall 
coefficient obtained for magnesium is about ten percent below 
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the slHgle value given for magnesium in the Oritieal Tables, 
~9»4 X 10""^  om^ /ooulomb. Confidence in the apparatus is 
gained from these results for copper and magnesium. 
From the determinations of the three bronze crystals 
the weighted average for the Hall coefficient is 
-4 3 
= (-5,3+0,8) X 10 om /coulomb. 
The effect of temperature on the Hall coefficient of 
crystal A was observed. To cool the crystal a Jet of 
dried cooled heliiaa gas was directed at the crystal in the 
holder. The helium was cooled by passing it through a 
colled copper tubing which was inserted into a dewap flask 
containing liquid nitrogen. The temperature of the crystal 
was measured with a copper-constantan thermocouple. The 
Hall coefficient at «'80®'0 decreased less than S5 percent 
from the Hall coeffioient obtained on the same crystal at 
30®C, This fact furnishes further indication for the 
metallic properties of the bronze. Were it a semiconductor 
the Hall coefficient would be expected to change rapidly 
with a change in temperature, 
©le accuracy of the Hall effect measurements is indi­
cated by comparing the results obtained for copper and 
magnesium to the values given for them in the International 
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Oritioal Tables. However, it is informative to consider 
©aob. of the factors which enters into the eacpression for 
the Hall coefficient. The method, described earlier, 
used to eliminate the measurement of the gain of the ampli­
fier eliminates any voltmeter error, except the 10 cycle 
per second vibration of the needle which made steady read­
ings difficult to obtain. The fluxmeter, used to measure 
the magnetic field H, has a rated accuracy of ±li. A 
relatively larger error may be due to the measurement of 
the thickness t especially in the bronze. All the thick­
ness measurements were made with a micrometer, which was 
satisfactory for the copper and magnesium samples, but for 
the bronze, especially sample 0, the thickness was not 
uniform and an average of various readings was necessary 
producing an error to five percent in sample 0. 
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THSORETIOiiL OALOULiiTIOMS 
Oonoentratlon of Electrons 
eajserimentally determined average values for 
the oonductivity and the Hcdl coefficient frcm the last 
chapter ar© used as the basis for the coiiqpjutations of the 
other electronic properties mentioned in Chapter III# 
They are: 
= 5»3 z 10® ohm^ c^m ^  and 
=5,3 x 10"^  im^ /coulomb, 
The concentration of electrons n^  is related simply 
to the Sail coefficient through equation (5). Solving (5) 
for n , q* 
% = 
aibstituting values 
A. -19 
n = l/t»e.3 X 10"*)H.60 X 10 ). 
o 
1.18 X 10^  ^electrons/cm^ . 
The number of sodium atoms in WO^  per cubic centi-
0.685 3 
meter can be calculated from Jcnom data. In Chapter II the 
volume occupied by one mole of the bronze was calctilated 
3 
to be 34,4 cm • This represents Avogadro*B number of 
molecules. In one cubic centimeter of the bronze there 
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should b® 1/34,4 of Avogadro's numher of molecules or 
23, 22 , % 
6.023 z 10 /34,4 = 1.75 x 10 molecules/cm . 
Sine® X 0.685, the number of sodium atoms present per 
cubic centimeter is this fraction of the total or 
22 22 3 
(1.75 X 10 ) (0.685) = 1.20 x 10 sodium atoms/<Ma . 
The concentrations of the free electrons and of the sodium 
atoms are essentially the same. From this it appears 
likely that the sodium atoms offer their valence electrons 
to contribute to the electronic conduction. 
Mobility 
Using equation (9) the mobility of the electrons is 
calculated to be 
"•4 5 2 
—{5.3 X 10 ){5.3 X 10 ) = 2.8 cm /volt-sec. 
This ralu® of mobility is about ten times aaaller than that 
for most of the oomrnoa metals. In a qualitative manner 
this low mobility may be attributed to the massive wolfram 
ion which should produce a deep well in the periodic 
potential energy of the crystal. This well would have a 
larger effect on stopping an electron and greatly decrease 
the mobility. 
Mean Free Path 
I'rom (12a) the mean free path, ^  , is determined: 
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X - 2.02 X X 
jl -\1 x 10"® 
fermi Eaergy Distribution 
Equation (13a) for the top level of the Fermi 
energy band gives 
i^-5.71 X 10"^ '^ (1.2 X 10^ )^^ ®^. 
=^3.0 X 10"*^ ® ergs. 
In terms of electron volts the Fenai level is 
6o=3.0 X 10*^ /1.6 X 10"^ ® =1.9 electron-'volts, 
fhe mean energy t is simply three-fifths of this value 
w 
or l.li electron-volts. 
Magnetic Susceptibility 
The magnetic susceptibility is calculated by equation 
{16a) 
X = (1.28 X 10"^ ) (1.2 X 10^ )^/(3.0 X lO"^ )^. 
"Xw=r0,51 X 10"® 
Stubbin and Mellor (14) report an experimental room-tempera-
tur© value for the magnetic susoeptibillty of a sample of 
sodium wolfram bronze (Ife,. W^0_), Their reported value is 
V • 9 V 
0.45 i 0.3 X 10"^ . This agreement lends evidence to the 
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reliability of the measurements and to the Pauli theory of 
paramagnetisBif 
fhenaal Conduotivity 
The thenaal oonduotiTlty determined from equation 
(17a) is 
- (5.82 X 10*"®) (373) (5,3 x 10^ ). 
=0,84 X lO"^  oal/oin-seo-degree. 
Electronic Specific Heat 
Frc®! equation (ISa) the electronic specific heat at 
temperature T is 
> =(9,40 X 10"'®®)f/{3.0 X lO'^ )^, 
> = 3.1 X 10*^ °f. 
V 
fheraal and Drift Velocities 
The aTerag© thermal velocity at T = 0 is obtained 
from equation (18a) 
r — (3.63 X 10^ )^ (3.0 X 10*^ )^^ '^ ®, 
7 
V = 6,3 X 10 om/seo, 
T 
from equation (20) the drift Telocity of an electron 
for an electric field of one volt per.cm, is 
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V = 3.8 caa./seo. 
0 
In oomparison with the thermal velocity of the 
electrons this is very small. 
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DISCDSSIOH 
All of the sodium wolfram bronze crystals used in 
this research have had the same sodium content} that is, 
in Ha^ WOg X = 0.S85, An instructive continuation of 
this work would include measurements similar to those 
described on single crystals of the bronze in which  ^
assumed other values. Of special interest would be 
measurements on single crystals of wolfric oxide (WO ) 
O 
containing as few impurities as possible, such as those 
reported by Matthias (2). Then, perhaps small amounts of 
sodium oould be added to these crystals by heating them in 
sodium vapor. Still other bronze crystals might be pre* 
pared yalbtq is about 0.3. From measurements on these 
crystals the transition from the ferroelectric properties 
of WOg "to the metallic properties of IfaQ i^ WOg could be 
studied. 
Although progress was made in obtaining the resistance 
of single crystals at low temperatures, by the very nature 
of the method used, measurements at high temperatures were 
impossible because of the melting temperature of indium, 
further work oould well be dona in this respect thus length­
ening the conductivity curve already obtained. 
68 
Because so much of this project depended upon in­
strumentation used in measuring the Ball effect, a note 
should he made concerning the method used. In a case stioh 
as this in which the Hall coefficient is quite small, use 
of an alternating-current through the crystal is considered 
essential, since thermal effects are minimized and ease of 
amplification effected. 
fhere would be interest in designing eaperiments to 
measure some of the physical properties for v^ hich results 
v/ere obtained on the free-electron theory, Experiraental 
values for the thermal conductivity and for the electronic 
contribution to the specific heat, the latter necessitating 
a cryogenics laboratory, vrould be valuable to compare \«dth 
the theoretical values determined. 
Considering the interesting variability of the 
properties of Ha as x goes from zero to one, further 
investigation, both theoretical and e35)erimental \TOuld be 
woi'thv/hile and informative. 
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OONOLtJSIONS 
from the measuremeufcs of the conduotiTity of single 
orystals of sodiim wolfram bronze as a function of 
temperature the metallic behaTior of the bronze is 
exhibited. Ho eridenoe of s®®iconductor properties 
was found. 
fhe value obtained experimentally for the Hall coef­
ficient is consistent with a theoretical deteuaination 
based on an assumption that each sodium atom in the 
lattice donates its valence electron for conduction. 
The sign of the Hall coefficient is negative, indicat­
ing conduction by electrons. 
From calculations based on the free-electron theory 
employing Permi-Dirac statistics, the mobility of the 
conduction electrons in sodium wolfram bronze is low 
in comparison with that in metals such as copper and 
silver. As was mentioned earlier, this is probably 
due to the effect which the massive wolfram ion has 
upon the periodic potential energy of the crystal. 
There is experimental evidence that the Pauli theory of 
paraBiagnetism of simple metals is applicable to single 
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erjstals of sodium tjolfram bronze. 
5, Hotwithstanding a lack of ejqperiiaeiital evidence in the 
literature tdth v/hich to compare these results, from 
what agreement has been attained it appears that the 
free-'electron theory is applicable to single crystals 
of sodixaa wolfram bronze in virhich the value of x is 
near 0«7. 
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